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We have calculated the Wilson coefficients C10, CQi (i=1,2) in the MS renormalization scheme
in the model III 2HDM. Using the obtained Wilson coefficients, we have analyzed the CP violation
in decays B0q → l
+l− (q=d,s) in the model. The CP asymmetry, ACP , depends on the parameters
of models and ACP in Bd → l
+l− can be as large as 40% and 35% for l = τ and l = µ respectively.
It can reach 4% for B0s decays. Because in SM CP violation is smaller than or equal to O(10
−3)
which is unobservably small, an observation of CP asymmetry in the decays B0q → l
+l−(q = d, s)
would unambiguously signal the existence of new physics.
PACS numbers: 11.30.E, 13.20.H, 12.60.F, 12.60.J
I. INTRODUCTION
The flavor changing neutral current process, Bd,s → l+l− (l=µ, τ), has attracted a lot of attention since it is very
sensitive to the structure of SM and potential new physics beyond SM and was shown to be powerful to shed light on
the existence of new physics before possible new particles are produced at colliders [1, 2, 3, 4, 5]. For example, in a
very large region of parameter space supersymmetric (SUSY) contributions were shown to be easy to overwhelm the
SM contribution[1, 2, 3, 4, 5] and even reach, e.g., for l=µ, the experimental upper bound[6]
Br(Bd → µ+µ−) < 6.8× 10−7 (CL = 90%)
Br(Bs → µ+µ−) < 2.0× 10−6 (CL = 90%). (1)
In other words measuring the branching ratio of Bd,s → l+l− can give stringent constraints on the parameter space of
new models beyond SM, especially for that of the minimal supersymmetric standard model (MSSM) because of the
tan3β dependence of SUSY contributions in some large tanβ regions of the parameter space[1, 3, 4, 7]. In the model
II two Higgs doublet model (2HDM), the branching ratio of Bs → µ+µ− can also reach 2 × 10−8, which is within
good reach at Tevatron Run II, if tanβ is large enough (say, ≥ 60 ) [4, 8]. Comparing with hadronic decays of B
mesons, this process is very clean and the only nonperturbative quantity involved is the decay constant that can be
calculated by using the lattice gauge theory, QCD sum rules etc.
An observable without hadronic uncertainty at all is the CP asymmetry in the process Bd,s → l+l− since the
common uncertain decay constant, which is the only source of hadronic uncertainty for the process, cancels out. CP
violation in the b-system has been established from measurements of time-dependent asymmetries in B → J/ΨK
decays [9, 10]. It is urgent and important to study CP violation in more processes, including the process Bd,s → l+l−
which might be measured in the near future. Obviously for the process Bd,s → l+l− there are no direct CP violations
since there are no strong phases in the decay amplitude. But it is well known that CP violating effects can survive
after taking into account the mixing of the neutral mesons, B0 and B¯0, in the absence of the strong phases. Recently,
it has been shown that CP violation in Bd,s → l+l− (l=µ, τ) is also an interesting observable for searching for new
physics [11, 12]. In the present paper we study it in the model III 2HDM [13, 14]. It is well-known that in the
model III 2HDM the couplings involving Higgs bosons and fermions can have complex phases, which can induce CP
violation effects, even in the simplest case in which all tree-level FCNC couplings are negligible. So it is expected
that a significant CP asymmetry in Bd,s → l+l− (l=µ, τ) should exist due to the effects of such extra phases in the
model. Another motivation to consider the model III is that one starts in the minimal supersymmetric standard
model (MSSM) with a Higgs sector of type II 2HDM and, after integration of squarks and gluinos, one ends up with
an unconstrained model III 2HDM [15]. The Wilson coefficients of operators relevant to b → sl+l− in the effective
Hamiltonian have been calculated in the model III 2HDM using the on-shell renormalization prescription [16]. Some
Feynman diagrams containing the coupling of a neutral Higgs boson to the charged Higgs and Goldstone bosons were
missed in the calculations in [16]. We calculate them, including all the contributions, based on theMS renormalization
scheme. We then analyze the CP asymmetry in Bd,s → l+l− (l=µ, τ) using the Wilson coefficients obtained by us. It
is shown that the CP asymmetry can be as large as 40% for B0d and 4% for B
0
s in the reasonable region of parameters
in the model.
The organization of the paper is as follows. In Section II we describe the model III 2HDM briefly. In section III
we give the effective Hamiltonian responsible for b→ sl+l− in the model. We present the formula for CP asymmetry
2in Bd,s → l+l− in Section IV. The Section V is devoted to numerical results. In Section VI we draw conclusions and
discussions. Finally we give contributions to Wilson coefficients C10, CQi from individual diagrams in the model III
2HDM in the appendix.
II. THE MODEL III TWO HIGGS DOUBLET MODEL
In general one can have a Yukawa Lagrangian of the form
LY = ηUijQ¯i,LH˜1Uj,R + ηDij Q¯i,LH1Dj,R + ξUijQ¯i,LH˜2Uj,R + ξDij Q¯i,LH2Dj,R + h.c. (2)
where Hi, for i=1,2, are the two scalar doublets of a 2HDM, while η
U,D and ξU,D are the non-diagonal matrices of
the Yukawa couplings.
For convenience we can choose to express H1 and H2 in a suitable basis such that only the η
U,D
ij couplings generate
the fermion masses, i.e. such that
〈H1〉 =
(
0
v√
2
)
, 〈H2〉 = 0 . (3)
The two doublets in the basis are of the form
H1 =
1√
2
[(
0
v + φ01
)
+
( √
2G+
iG0
)]
; H2 =
1√
2
( √
2H+
φ02 + iA
0
)
. (4)
where G0,± are the Goldstone bosons, H± and A0 are the physical charged-Higgs boson and CP-odd neutral Higgs
boson respectively. The advantage of using the basis is that the first doublet H1 corresponds to the scalar doublet of
the SM while the new Higgs fields arise from the second doublet H2. So φ
0
2 do not have couplings to the gauge bosons
of the form φ02ZZ or φ
0
2W
+W−.
In eq. (4) φ01, φ
0
2 are not the neutral mass eigenstates but linear combinations of the CP-even neutral Higgs boson
mass eigenstates, H0 and h0:
H0 = φ01 cosα+ φ
0
2 sinα (5)
h0 = −φ01 sinα+ φ02 cosα
where α is the mixing angle, such that for α=0, (φ01, φ
0
2) coincide with the mass eigenstates.
After diagonalizing the mass matrix of the quark fields, the flavor changing (FC) part of the Yukawa Lagrangian
becomes
LY,FC = ξˆUijQ¯i,LH˜2Uj,R + ξˆDij Q¯i,LH2Dj,R + h.c. (6)
where Qi,L, Uj,R, and Dj,R now denote the quark fields which are in mass eigenstates and
ξˆU,D = (V U,DL )
−1 · ξU,D · V U,DR . (7)
In eq. (7) V U,DL,R are the rotation matrices acting on the up- and down-type quarks, with left or right chirality
respectively, so that VCKM = (V
U
L )
†V DL is usual Cabibbo-Kobayashi-Maskawa (CKM) matrix. Feynman rules of
Yukawa couplings follows from eq. (6) and can be found in, e.g., ref. [17, 18]. The flavor changing neutral current
(FCNC) couplings are given by the matrices ξˆU,D and the charged FC couplings are given by
ξˆUcharged = ξˆ
U · VCKM
ξˆDcharged = VCKM · ξˆD . (8)
Because the definition of the ξU,Dij couplings is arbitrary, we can take the rotated couplings as the original ones and
shall write ξU,D in stead of ξˆU,D hereafter. It is worth to note that the peculiar form of charged FC couplings, eq.
(8), is of an important distinction from popular model I and II and has significant phenomenological effects different
from those in models I and II [19].
3In order to proceed we assume the Cheng-Sher ansatz [13]
ξU,Dij = λij
√
mimj
v
(9)
which ensures that the FCNC within the first two generations are naturally suppressed by small quark masses. In the
ansatz the residual degree of arbitrariness of the FC couplings is expressed through the λij parameters which are of
order one and need to be constrained by the available experiments. In the paper we choose ξU,D to be diagonal for
the sake of simplicity so that besides Higgs boson masses only λtt and λbb in the quark sector and λll in the lepton
sector are the new parameters which enter into the Wilson coefficients relevant to the rare leptonic B decays.
The Yukawa Lagrangian (2) has no discrete symmetry. In general, the Higgs potential in 2HDM which has no
discrete symmetry may be CP conserved or CP violated [14, 20]. In order to concentrate on the effects of FC Yukawa
couplings we assume the potential is CP conserved. Therefore, the new source of CP violation is only from the Yukawa
couplings. In a general basis Φi (i=1,2) the general CP conserved potential is given by:
V (Φ1,Φ2) = λ1(Φ
†
1Φ1 − v21)2 + λ2(Φ†2Φ2 − v22)2
+λ3[(Φ
†
1Φ1 − v21) + (Φ†2Φ2 − v22)]2
+λ4[(Φ
†
1Φ1)(Φ
†
2Φ2)− (Φ†1Φ2)(Φ†2Φ1)]
+λ5[Re(Φ
†
1Φ2)− v1v2]2 + λ6[Im(Φ†1Φ2)]2
+λ7(Φ
†
1Φ1 − v21)(Re(Φ†1Φ2)− v1v2)
+λ8(Φ
†
2Φ2 − v22)(Re(Φ†1Φ2)− v1v2) . (10)
in which all the coupling constants λi are real due to hermiticity. The minimum of the potential is at
< Φ1 >=
(
0
v1
)
, < Φ2 >=
(
0
v2
)
, (11)
thus breaks SU(2)×U(1) down to U(1)EM . For the sake of simplicity and to decrease the number of the parameters
we assume λ1 = λ2 and λ7 = λ8 = 2λ3+λ5/2 in the potential (10). Then we have seven parameters altogether in the
Higgs sector. One of them, v =
√
v21 + v
2
2 , is fixed by the W boson mass, M
2
W =
1
2g
2v2. The others can be expressed
in terms of mixing angles α′ and β and Higgs masses mH± ,mA0 ,mH0 ,mh0 . From the potential, it is straightforward
to derive
gA0H−G+ =
g(m2A0 −m2H±)
2mW
, (12)
gH0H−G+ =
ig sin(β − α′)(m2H0 −m2H±)
2mW
,
gh0H−G+ =
−ig cos(β − α′)(m2h0 −m2H±)
2mW
,
which have the same forms as those in a general model II 2HDM [4, 21].
The specific basis (H1, H2), eq. (4), can be obtained by a unitary transformation
H = SΦ, S =
(
cosβ sinβ
− sinβ cosβ
)
, (13)
where H = (H1, H2)
T , Φ = (Φ1,Φ2)
T , and tanβ = v2/v1.
III. EFFECTIVE HAMILTONIAN FOR b → s(d)l+l−
The effective Hamiltonian describing the flavor changing processes b→ s(d)l+l− can be defined as
Heff = −4GF√
2
λt(
10∑
i=1
Ci(µ)Oi(µ) +
10∑
i=1
CQi(µ)Qi(µ)). (14)
where λt = VtbV
∗
ts, O
′
is(i = 1, · · · , 10) are the same as those given in the ref.[22, 23], and Q′is come from exchanging
neutral Higgs bosons and have been given in refs. [1, 24].
4The explicit expressions of relevant operators in the Model III 2HDM for the process Bq → l+l− (q=d,s) are
O10 =
e2
16π2
(q¯αLγµb
α
L)(l¯γµγ5l)
Q1 =
e2
16π2
(q¯αLb
α
R)(l¯l)
Q2 =
e2
16π2
(q¯αLb
α
R)(l¯γ5l)
We calculate their Wilson coefficients at one loop level in the MS renormalization scheme and results are given in
Appendix. Before proceeding, a remark is in place. In calculations of the Wilson coefficients CQi the neutral Higgs
boson h0 (H0, A0)-penguin diagrams with the charged Higgs and Goldstone bosons in the loop, which is missed in
ref. [16], should be included. In the Appendix we write the contributions of these diagrams to CQi in terms of the
general coupling constants gA0H−G+ , gH0H−G+ and gh0H−G+ . However, in numerical calculations we shall confine
ourself to the specific case of the couplings (12).
The QCD corrections to coefficients Ci and CQi can be incorporated in the standard way by using the renormaliza-
tion group equations. Qi(i = 1, · · · , 10) does not mix with O10 so that the evolution of C10 remains unchanged and
is given by [22]
C10(mb) = C10(mW ). (15)
It is obvious that operators Oi(i = 1, · · · , 10) and Qi(i = 3, · · · , 10) do not mix into Q1 and Q2 and also there is
no mixing between Q1 and Q2. Therefore, the evolution of CQ1 , CQ2 is controlled by the anomalous dimensions of
Q1, Q2 respectively [24], i.e.,
CQi(mb) = η
−γQ/β0CQi(mW ),
= 1.24 CQi(mW ), i = 1, 2, (16)
where γQ = −4 [25] is the one loop anomalous dimension of q¯LbR, η = αs(mb)αs(MW ) ≈ 1.72, and β0 = 11− (2/3)nf = 23/3.
IV. CP ASYMMETRY IN Bd,s → l
+l−
We need to know what kind of CP violating observables can be defined in the process Bq → l+l− for q=d, s. At
first, direct CP violation is absent in this process due to absence of strong phases. T-odd projection of polarization
is a kind of useful tool to probe the CP violating effects, for example, in B → Xs l+ l− [26, 27, 28]. However for the
process we are discussing here, we have actually only one independent momentum and one independent spin which
can be chosen as those of l−, so no T-odd projections can be defined. Unlike the case generally discussed for hadronic
final states, for example, that in Ref. [29], the detected final states of l+ and l− of this process in experiments are
basically two asymptotic energy-momentum eigenstates which are not CP eigenstates. Considering for instance B0
decays to l+l− in the rest frame of B0, due to the energy-momentum conservation we denote the four-momenta of l−
and l+ as p = (E, ~p) and p¯ = (E,−~p). Then the angular momentum conservation tells us that l+L l−R and l+Rl−L final
states are forbidden. Hence we are left with a pair of CP conjugated final states, l+L l
−
L and l
+
Rl
−
R , and the couple of
the corresponding CP conjugated process. Therefore, we may define the time dependent CP asymmetries as [11]
A1CP (t) =
Γ(B0phys(t)→ l+L l−L )− Γ(B¯0phys(t)→ l+Rl−R)
Γ(B0phys(t)→ l+L l−L ) + Γ(B¯0phys(t)→ l+Rl−R)
(17)
A2CP (t) =
Γ(B0phys(t)→ l+Rl−R)− Γ(B¯0phys(t)→ l+L l−L )
Γ(B0phys(t)→ l+Rl−R) + Γ(B¯0phys(t)→ l+L l−L )
(18)
Two corresponding time integrated CP asymmetries are
AiCP =
∫∞
0
dt Γ(B0phys(t)→ fi)−
∫∞
0
dt Γ(B¯0phys(t)→ f¯i)∫∞
0 dt Γ(B
0
phys(t)→ fi) +
∫∞
0 dt Γ(B¯
0
phys(t)→ f¯i)
i = 1, 2 (19)
Where f1,2 = l
+
L,Rl
−
L,R with lL(R) being the helicity eigenstate of eigenvalue −1(+1), f¯ is the CP conjugated state of
f .
5The time evolutions of the initial pure B0 and B¯0 states are given by[30]
∣∣B0phys(t)〉 = g+(t)∣∣B0〉+ qpg−(t)
∣∣B¯0〉,
∣∣B¯0phys(t)〉 = pq g−(t)
∣∣B0〉+ g+(t)∣∣B¯0〉. (20)
with g±(t) given by
g+(t) = exp(−1
2
Γt− imt)cos(∆m
2
t),
g−(t) = exp(−1
2
Γt− imt)isin(∆m
2
t) (21)
The absence of strong phases implies
|Af | = |A¯f¯ |, |Af¯ | = |A¯f | (22)
where Af (A¯f ) =< f |Heff |B0(B¯0) >. And the CPT invariance leads to
A¯f
Af
=
(
Af¯
A¯f¯
)∗
. (23)
In the above definition of CP asymmetry we need to separate the final state l+L l
−
L from l
+
Rl
−
R in order to measure CP
asymmetry. For l=τ , the polarization analysis is straightforward. However, detecting tau’s is difficult experimentally.
For l=µ, in principle one can separate the final state µ+Lµ
−
L from µ
+
Rµ
−
R by measuring the energy spectra of the
electron from muon decay[31]. A µL will decay to an energetic eL, which must go forward to carry the muon spin,
and a less energetic pair of neutrino and antineutrino because the electron is always left-handed1nofootinbib and the
energy-momentum and angular momentum are conserved. Due to the same reason, for µR, the relative energies of
electron and a pair of neutrino and antineutrino are roughly reversed. Therefore, the energy spectra of the electron
from the muon decay is a powerful µ spin analyzer. However, in practice muons never decay in a 4π detector because
the lifetime of a muon is long ( cτ=659 m). As pointed out in ref.[11], a possible way to measure a polarized muon
decay is to build special detectors which can make muons lose its energy but keep polarization so that the polarized
muon decays can be measured.
In order to make measurements accessible, as proposed in ref. [12], one can define the CP violating observable as
ACP =
D
S
,
D =
∫ ∞
0
dt
∑
i=1,2
Γ(B0phys(t)→ fi)
−
∫ ∞
0
dt
∑
i=1,2
Γ(B¯0phys(t)→ f¯i),
S =
∫ ∞
0
dt
∑
i=1,2
Γ(B0phys(t)→ fi)
+
∫ ∞
0
dt
∑
i=1,2
Γ(B¯0phys(t)→ f¯i) (24)
Different from AiCP (i=1,2), it is accessible experimental to measure such defined CP asymmetry ACP . So in the
following we shall concentrate on it.
Using the effective Hamiltonian, we obtain by a straightforward calculation 2
A¯f1
Af1
= −λt
λ∗t
CQ1
√
1− 4mˆ2l + (CQ2 + 2mˆlC10)
C∗Q1
√
1− 4mˆ2l − (C∗Q2 + 2mˆlC∗10)
, (25)
1 In the present case it is quite a good approximation to ignore the mass of electron.
2 We have neglected the contributions, which is smaller than or equal to 10−3 of the leading term, from the penguin diagrams with c and
u quarks in the loop. It is true for both Bd and Bs decays[33]. Therefore, although there are weak phases from the c or u quark in the
loop, in particular, for Bd, the effect on the decay phase induced by them is negligibly small.
6where λt = VtbV
∗
td or VtbV
∗
ts, mˆl = ml/mB0 and Ci’s are the Wilson coefficients at the mb scale. Because CQi ’s are
proportional to ml and C10 is independent of ml it follows from eq. (25) that the CP asymmetry in Bd,s → l+l− is
independent of the mass of the lepton in the approximation 0f neglecting 4mˆ2l . That is, it is the same for l = electron,
muon.
In SM, one has[32]3
q
p
= − M
∗
12
|M12| = −
λ∗t
λt
, (26)
up to the correction smaller than or equal to order of 10−2, C10 is real, CQ2 = 0, and CQ1 is negligibly small. So it
follows from Eqs.(25), (26) that there is no CP violation in SM. 4 If one includes the correction smaller than order of
10−2 to |q/p|=15 one will have CP violation of order of 10−3 for B0d and 10−4 for B0s which are unobservably small.
In the approximation | qp | = 1 the time integrated CP asymmetry is
ACP = − 2Im(ξ)Xq
(1 + |ξ|2)(1 +X2q )
, q = d, s, (27)
where Xq =
∆mq
Γ (q = d, s for B
0
d and B
0
s respectively), and ξ is
ξ =
CQ1
√
1− 4mˆ2l + (CQ2 + 2mˆlC10)
C∗Q1
√
1− 4mˆ2l − (C∗Q2 + 2mˆlC∗10)
(28)
As expected, it is nonzero in the presence of CP violating phases. In deriving Eq. (27) we have used eq. (26) which
is the result for B0-B¯0 mixing in the SM. B0-B¯0 mixing in the model II 2HDM has been examined in ref. [34]. In the
model III there are new CP violating phases which might affect the mixing. However, for the values of parameters
which we assumed ( see below, eq.(30)) the correction to the SM value of q/p is below 20% and consequently we can
still use eq. (27) as an approximation. Because Xs is larger than 19.0(90% CL) and Xd is just about 0.76 [6] ACP in
Bs decays is much smaller than that in Bd decays, as can be seen from eq. (27).
V. NUMERICAL RESULTS
In numerical calculations, the following values of parameters are assumed:
mA0 = 120GeV, mh0 = 115GeV, mH0 = 160GeV, mH± = 200GeV . (29)
To study the dependence of ACP on masses of Higgs bosons, we also include below some results obtained with the
doubled values of eq. (29) for Higgs boson masses.
The plots of |CQ1 | and |CQ2 | for τ versus |λbb| for |λττ | = 5 and fixed |λtt| are shown in Fig. 1 and Fig. 2
respectively. One can see from the figures that |CQi | increases when |λbb| increases and the increase is faster for a
larger |λtt| than that for a small |λtt|. Comparing with the model II 2HDM, |CQi | can reach the values larger than
those in the model II if the value of |λbb|, taken to be >> 1, is equal to that of tanβ in the model II and the parameter
|λtt| is larger than 1/|λbb|. We calculate the constraint on |λbb| and |λtt| for |λµµ| = 50 due to the experimental upper
bound of Br(Bs → µ+µ−) and the result is shown in Fig. 3 where the horizontal line represents the upper limit of
|λtt| which comes from the experimental constraints of B − B¯ mixing , Γ(b → sγ), Γ(b → cτ ν¯τ ), ρ0, Rb and electric
dipole moments (EDMs) of the electron and neutron [18]. The region under the curve (and the horizontal line) is
allowed by the experimental bound of Br(Bs → µ+µ−). We also calculate the corresponding constraint by including
the phases of the two parameters. The result is that the constraint is not sensitive to the phase of λbb or λtt, as
expected.
3 Note that the phase convention between B0 and B¯0 is fixed as CP|B0 >= −|B¯0 > when deriving eqs. (25), (26).
4 One can check by combining Eqs. (26) and (25) that all freedoms of phase conventions are cancelled out completely in q
p
A¯f1
Af1
, including
the one between B0 and B¯0.
5 According to the box diagram calculation in SM, the deviation of |q/p| from 1 is ∼ 10−3(10−5) for Bd(Bs)[32]. So 10
−2 is a conservative
estimate.
7In numerically calculating ACP , the following values of parameters are assumed:
|λbb| = 50, |λtt| = 0.02, (30)
|λττ | = 5, 50, |λµµ| = 5, 50, θττ = π/4, θµµ = π/4, (31)
and
θtt + θbb = π/2, π/3 (32)
has been set for simplicity. The values of Higgs boson masses and λbb,tt, i.e., eqs. (29), (30), and (32) have been set
to satisfy the experimental constraints of B− B¯ mixing , Γ(b→ sγ), Γ(b→ cτ ν¯τ ), ρ0, Rb and electric dipole moments
(EDMs) of the electron and neutron [18]. The value of |λττ |, eq. (31), has been set to satisfy the constraint from
Z → l+l− which has been analyzed and the upper limit is 56 [35]. The Figs. 4 and 5 are devoted to ACP versus θtt
for B0d → τ+τ− and B0d → µ+µ− respectively. ACP depends on θtt significantly and can reach 40% and 35% for l = τ
and l = µ respectively. As for the B0s decays, ACP is much smaller than that in B
0
d decays, e.g., it can only reach
4% for B0s → τ+τ−, as expected. In order to see the effects of different parameters we consider two cases (a) and (b)
which correspond |λττ | (or |λµµ|) =5 and 50 respectively and plot two curves in each case in Figs. 4,5. In Fig. 4 the
solid (dotted) one corresponds the set of Higgs boson masses same as eq. (29) (doubled values of those in eq. (29)).
One can see from Fig. 4a that the maximum of ACP significantly decreases when the masses of Higgs bosons increase.
However, Fig. 4b shows that the change is small when the masses of Higgs bosons are doubled. The reason is that in
the case (a) |CQi | (i=1,2) for low Higgs masses, eq.(29), is the same order of magnitude as mˆτC10 and C10 is almost
real, when Higgs boson masses increase CQi decreases but C10 keeps unchanged so that the CP asymmetry decreases,
as shown in Fig. 4a. In the case (b), CQi is much larger than mˆτC10. Therefore, when Higgs boson masses increase
although CQi is decreased ξ is almost unchanged since the numerator and dominator are almost simultaneously scaled
(see, eq. (28) ). The small change of ACP is due to the increase of mH± . In order to see the effect of the phase
θtt+ θbb on ACP we plot two curves in Fig. 5 where the solid (dotted) one corresponds θtt+ θbb = π/2 (π/3). One can
see from the figure that the curve moves toward the direction opposite to that of the transverse axis when θtt + θbb
decreases.
With the branching ratios
Br (B0q → l+l−) =
G2Fα
2
EM
64π3
m3BqτBqf
2
Bq |λt|2
√
1− 4mˆ2l
×
[(
1− 4mˆ2l
)
C2Q1 + (CQ2 + 2mˆlC10)
2
]
, (33)
where τBq is the Bq lifetime, we calculate the events Nq needed for observing ACP at 1σ in the areas of parameter
space in which ACP and the branching ratios both have large values and all experimental constraints are satisfied.
For l=µ, they are order of 108 and 109 for B0d and B
0
s respectively. Therefore, 10
10 (1011) Bd (Bs) per year, which
is in the designed range in the future B factors with 108- 1012 B hadrons per year [20], is needed in order to observe
the CP asymmetry in B → µ+µ− with good accuracy. For l=τ , the events Nq are order of 106 and 107 for B0d and
B0s respectively. Assuming a total of 5 × 108(109) BdB¯d (BsB¯s) decays, one can expect to observe ∼ 100 identified
Bq → τ+τ− events, permitting a test of the predicted CP asymmetry with good accuracy.
VI. CONCLUSIONS
In summary, we have calculated the Wilson coefficients C10, CQi (i=1,2) in the MS renormalization scheme in the
model III 2HDM. Comparing with the model II 2HDM, |CQi | can reach the values larger than those in the model II
when the value of |λbb|, taken to be >> 1, is equal to that of tanβ in the model II and the parameter |λtt| is larger
than 1/|λbb|. It is shown that there is a constraint on λbb and λtt due to the experimental limit of Br(Bs → µ+µ−).
We have analyzed the CP violation in decays B0q → l+l− (q=d,s). The CP asymmetry depends on the parameters
of models, in particular, the phase θtt significantly. ACP in Bd → l+l− can be as large as 40% and 35% for l = τ
and l = µ respectively. It can reach 4% for B0s decays. Because in SM CP violation is smaller than or equal to
O(10−3) which is unobservably small, an observation of CP asymmetry in the decays B0q → l+l−(q = d, s) would
unambiguously signal the existence of new physics.
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By computing the self-energy type, Higgs-penguin and box diagrams, CaQ1 and C
a
Q2
for l = τ with the superscript
denoting the type of a diagram or the contribution of exchanging a specific Higgs boson are extracted out and given
below
CA
0
Q1 =
xtmbmτ Imλττ i
4m2A0 sin
2 θW
{∫ 1
0
dx
∫ 1−x
0
dy
[
ytλ
∗
tt(2− x)
S1(yt, xt)
+
ytλtt(1 + x)
S1(xt, yt)
+ |λtt|2λbb
(
1 + 2 ln
S2(yt)m
2
H−
µ2
+
yt(λtt − 2iImλttx)
S2(yt)λbb
− ytλtt
S2(yt)λ∗tt
)
+ λ∗tt
(
1 + 2 ln
S2(xt)m
2
W
µ2
)
+
λbb
xt
(
1 + 2 ln
m2H−S1(yt, xt)
xtµ2
)
+
2ytgA0H−G+
gmW
(
λbb − λ∗ttx
S1(yt, xt)
+
λtt(1− x)
S1(xt, yt)
)
− 2[λ
∗
tt + iImλtt(2 + xt)x]
S2(xt)
]
+ λttλ
2
bb
[
ln
µ2
m2H−
−
∫ 1
0
dx lnS4(yt)
]
+ λbb
[
ln
µ2
m2W
−
∫ 1
0
dx lnS4(xt)
]}
(34)
CA
0
Q2 =
xtmbmτReλττ
4m2A0 sin
2 θW
{∫ 1
0
dx
∫ 1−x
0
dy
[
ytλ
∗
tt(2− x)
S1(yt, xt)
+
ytλtt(1 + x)
S1(xt, yt)
+ |λtt|2λbb
(
1 + 2 ln
S2(yt)m
2
H−
µ2
+
yt(λtt − 2iImλttx)
S2(yt)λbb
− ytλtt
S2(yt)λ∗tt
)
+ λ∗tt
(
1 + 2 ln
S2(xt)m
2
W
µ2
)
+
λbb
xt
(
1 + 2 ln
m2H−S1(yt, xt)
xtµ2
)
+
2ytgA0H−G+
gmW
(
λbb − λ∗ttx
S1(yt, xt)
+
λtt(1− x)
S1(xt, yt)
)
− 2[λ
∗
tt + iImλtt(2 + xt)x]
S2(xt)
]
+ λttλ
2
bb
[
ln
µ2
m2H−
−
∫ 1
0
dx lnS4(yt)
]
+ λbb
[
ln
µ2
m2W
−
∫ 1
0
dx lnS4(xt)
]}
(35)
CH
0
Q1 =
xtmbmτ (ReλττSα + Cα)
4m2H0 sin
2 θW
{∫ 1
0
dx
∫ 1−x
0
dy
[
2(Sα(λ
∗
tt − 2Reλttx) + Cα(1− 2x))
S2(xt)
+
Sαytλ
∗
tt(x− 2)
S1(yt, xt)
− 2xt(ReλttSα + Cα)x
S2(xt)
− ytλttSα(1 + x)
S1(xt, yt)
+
Cα(4x− 3xt)
xtS3(xt)
− (λ∗ttSα + Cα)
(
1 + 2 ln
m2WS2(xt)
µ2
)
− Sαλbb
xt
(
1 + 2 ln
m2H−S1(yt, xt)
xtµ2
)
− Cα
xt
(
1 + 2 ln
m2WS3(xt)
µ2
)
+ |λtt|2
(
yt(Sα(λtt − 2Reλttx) + Cα(1− 2x))
S2(yt)
− ytλbb(λttSα + Cα)
λ∗ttS2(yt)
− λbb(λ
∗
ttSα + Cα)
λ∗tt
(
1 + 2 ln
m2H−S2(yt)
µ2
))
+
2ytgH0H−G+
igmW
(
λbb − λ∗ttx
S1(yt, xt)
+
λtt(1− x)
S1(xt, yt)
)]
+ λttλbb(λbbSα + Cα)
[∫ 1
0
dx lnS4(yt)− ln µ
2
m2H−
]
+ (λbbSα + Cα)
[∫ 1
0
dx lnS4(xt)− ln µ
2
m2W
]}
(36)
CH
0
Q2 =
xtmbmτImλττSαi
4m2H0 sin
2 θW
{∫ 1
0
dx
∫ 1−x
0
dy
[
2(Sα(λ
∗
tt − 2Reλttx) + Cα(1− 2x))
S2(xt)
9+
Sαytλ
∗
tt(x− 2)
S1(yt, xt)
− 2xt(ReλttSα + Cα)x
S2(xt)
− ytλttSα(1 + x)
S1(xt, yt)
+
Cα(4x− 3xt)
xtS3(xt)
− (λ∗ttSα + Cα)
(
1 + 2 ln
m2WS2(xt)
µ2
)
− Sαλbb
xt
(
1 + 2 ln
m2H−S1(yt, xt)
xtµ2
)
− Cα
xt
(
1 + 2 ln
m2WS3(xt)
µ2
)
+ |λtt|2
(
yt(Sα(λtt − 2Reλttx) + Cα(1 − 2x))
S2(yt)
− ytλbb(λttSα + Cα)
λ∗ttS2(yt)
− λbb(λ
∗
ttSα + Cα)
λ∗tt
(
1 + 2 ln
m2H−S2(yt)
µ2
))
+
2ytgH0H−G+
igmW
(
λbb − λ∗ttx
S1(yt, xt)
+
λtt(1 − x)
S1(xt, yt)
)]
+ λttλbb(λbbSα + Cα)
[∫ 1
0
dx lnS4(yt)− ln µ
2
m2H−
]
+ (λbbSα + Cα)
[∫ 1
0
dx lnS4(xt)− ln µ
2
m2W
]}
(37)
Ch
0
Q1 =
xtmbmτ (ReλττCα − Sα)
4m2h0 sin
2 θW
{∫ 1
0
dx
∫ 1−x
0
dy
[
2(Cα(λ
∗
tt − 2Reλttx) + Sα(2x− 1))
S2(xt)
+
Cαytλ
∗
tt(x − 2)
S1(yt, xt)
− 2xt(ReλttCα − Sα)x
S2(xt)
− ytλttCα(1 + x)
S1(xt, yt)
+
Sα(3xt − 4x)
xtS3(xt)
− (λ∗ttCα − Sα)
(
1 + 2 ln
m2WS2(xt)
µ2
)
− Cαλbb
xt
(
1 + 2 ln
m2H−S1(yt, xt)
xtµ2
)
+
Sα
xt
(
1 + 2 ln
m2WS3(xt)
µ2
)
+ |λtt|2
(
yt(Cα(λtt − 2Reλttx) + Sα(2x− 1))
S2(yt)
− ytλbb(λttCα − Sα)
λ∗ttS2(yt)
− λbb(λ
∗
ttCα − Sα)
λ∗tt
(
1 + 2 ln
m2H−S2(yt)
µ2
))
− 2ytgh0H−G+
igmW
(
λ∗ttx− λbb
S1(yt, xt)
+
λtt(x− 1)
S1(xt, yt)
)]
+ λttλbb(λbbCα − Sα)
[∫ 1
0
dx lnS4(yt)− ln µ
2
m2H−
]
+ (λbbCα − Sα)
[∫ 1
0
dx lnS4(xt)− ln µ
2
m2W
]}
(38)
Ch
0
Q2 =
xtmbmτ ImλττCαi
4m2h0 sin
2 θW
{∫ 1
0
dx
∫ 1−x
0
dy
[
2(Cα(λ
∗
tt − 2Reλttx) + Sα(2x− 1))
S2(xt)
+
Cαytλ
∗
tt(x− 2)
S1(yt, xt)
− 2xt(ReλttCα − Sα)x
S2(xt)
− ytλttCα(1 + x)
S1(xt, yt)
+
Sα(3xt − 4x)
xtS3(xt)
− (λ∗ttCα − Sα)
(
1 + 2 ln
m2WS2(xt)
µ2
)
− Cαλbb
xt
(
1 + 2 ln
m2H−S1(yt, xt)
xtµ2
)
+
Sα
xt
(
1 + 2 ln
m2WS3(xt)
µ2
)
+ |λtt|2
(
yt(Cα(λtt − 2Reλttx) + Sα(2x− 1))
S2(yt)
− ytλbb(λttCα − Sα)
λ∗ttS2(yt)
− λbb(λ
∗
ttCα − Sα)
λ∗tt
(
1 + 2 ln
m2H−S2(yt)
µ2
))
− 2ytgh0H−G+
igmW
(
λ∗ttx− λbb
S1(yt, xt)
+
λtt(x− 1)
S1(xt, yt)
)]
+ λttλbb(λbbCα − Sα)
[∫ 1
0
dx lnS4(yt)− ln µ
2
m2H−
]
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+ (λbbCα − Sα)
[∫ 1
0
dx lnS4(xt)− ln µ
2
m2W
]}
(39)
CboxQ1 =
xtmbmτλbbλ
∗
ττ
4m2H− sin
2 θW
∫ 1
0
dx
∫ 1−x
0
dy
[
1
S1(yt, xt)
]
(40)
CboxQ2 =
−xtmbmτλbbλ∗ττ
4m2H− sin
2 θW
∫ 1
0
dx
∫ 1−x
0
dy
[
1
S1(yt, xt)
]
(41)
Adding all the contributions to CQ1 and CQ2 given above respectively, we get the Wilson coefficients CQi (i=1,2).
In numerical calculations we use the couplings among the neutral and charged Higgs bosons and charged Goldstone
bosons given in eq. (12).
The Wilson coefficient C10 is
C10 = C
SM
10 + C
new
10 ,
Cnew10 =
xt|λtt|2
48 sin2 θW
{∫ 1
0
dx
∫ 1−x
0
dy
[
6(2 sin2 θW − 1) ln
m2H−S3(yt)
µ2
− 2yt(3− 4 sin
2 θW )
S2(yt)
− 8 sin2 θW
(
1 + ln
m2H−S2(yt)
µ2
)]
− (3− 2 sin2 θW )
[
2
∫ 1
0
dx(x − 1) lnS4(yt) + ln µ
2
m2H−
]}
(42)
In above equations, the definitions of the functions Si are
S1(ρ, φ) = ρφ(1− x− y) + xφ+ yρ
S2(ρ) = (1− x− y) + (x+ y)ρ
S3(ρ) = (1− x− y)ρ+ (x+ y)
S4(ρ) = 1− x+ xρ , (43)
and
xt =
m2t
m2W
, yt =
m2t
m2H±
, (44)
Cα = cosα, Sα = sinα, (45)
with α being the mixing angle of the CP-even neutral Higgs bosons.
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FIG. 1: |CQ1 | versus |λbb|.
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FIG. 3: The constraint on |λbb| and |λtt| due to the experimental upper bound of Br(Bs → µ
+µ−).
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FIG. 4: (a) ACP for B
0
d → τ
+τ− versus the CP violating phase θtt, for |λττ | = 5. The solid line stands for the masses of Higgs
bosons same as eq. (29), the dotted line stands for the masses of Higgs bosons same as doubled those in eq. (29). (b)The same
as (a), except for |λττ | = 50.
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FIG. 5: (a) ACP for B
0
d → µ
+µ− versus the CP violating phase θtt, for |λµµ| = 5. The solid line stands for θtt + θbb = pi/2 ,
the dotted line for θtt + θbb = pi/3. (b)The same as (a) except for |λµµ| = 50.
